In many human cancers, the epithelial-to-mesenchymal transition has an important role in the induction of cancer stem-like cells, and hence, in the causation of intratumoral heterogeneity. This process, also referred to as mesenchymal mimicry, is, however, only poorly understood in melanoma and histological correlation is still lacking. In an immunohistochemical analysis of a large prospective series of 220 primary and metastatic melanomas for the well-known epithelial-to-mesenchymal transition marker FN1, we observed melanoma cells with high FN1 expression in metastases with ischemic necrosis, but rarely or not at all in samples lacking evidence of hypoxia. In a blinded, retrospective series of 82 melanoma metastases with 10-year follow-up, the presence of clusters of these FN1 high melanoma cells correlated significantly with shortened melanoma-specific survival, highlighting the prognostic value of their presence. We describe in detail the unique light-and electron-microscopic features of these FN1 high melanoma cells, enabling their identification in routinely hematoxylin-and-eosin-stained sections. In addition, by laser microdissection and subsequent gene expression analysis and immunohistochemistry, we highlight their distinctive, molecular phenotype that includes expression of various markers of the epithelial-to-mesenchymal transition (eg, ZEB1) and of melanoma stemlike cells (eg, NGFR), and lack of immunoreactivity for the melanocytic marker MITF. This phenotype could be reproduced in vitro by culturing melanoma cells under hypoxic conditions. Functionally, the hypoxic microenvironment was shown to induce a more migratory and invasive cell type. In conclusion, we identified a novel clinically relevant FN1 high MITF low cell type in melanoma associated with ischemic necrosis, and propose that these cells reside at the crossroad of the epithelial-to-mesenchymal transition and stem-like cell induction, plausibly triggered by the hypoxic environment. Modern Pathology (2014) 27, 1088-1100; doi:10.1038/modpathol.2013.228; published online 3 January 2014
subsets of melanoma cells. 3 As in other cancers, this heterogeneity in melanoma may be driven by a small subpopulation of 'stem-like' melanoma cells that gives rise to a morphologically and phenotypically diverse progeny. 4, 5 According to the phenotype switch model in melanoma, 6 it has been suggested that, in response to soluble mediators released by stromal cells in the tumor microenvironment, melanoma cells can switch between a quiescent subtype of motile, invasive cells and a proliferative, more 'differentiated' tumor cell type; the former subset would contribute to metastasis and carry a phenotype closely related to the stem cell-like status, whereas the latter subset would contribute to tumor mass and carry a more differentiated phenotype. Hence, 'stemness' in melanoma would be a temporary status dictated by environmental factors rather than a wellestablished, permanent feature. 6 The invasive subset of neoplastic cells, closely related to the stem cell-like subset, is characterized by a fibroblast-like morphology, loss of adhesion receptors, enhanced motility, and invasiveness and by the acquisition of additional mesenchymal features such as expression of VIM and FN1 as a result of epithelial-to-mesenchymal transition, also referred to as mesenchymal mimicry. 7 Although originally described for epithelial cells and epithelial cancers, the epithelial-to-mesenchymal transition also affects non-epithelial cells such as melanocytes and associated tumors. 8 Highthroughput analyses in cutaneous melanoma have indeed identified the epithelial-to-mesenchymal transition as a major determinant of metastasis. 9 In addition, expression of the well-established epithelial-to-mesenchymal transition marker FN1 7 has been reported to be upregulated in melanomas versus benign nevi 10, 11 as well as in melanoma metastases versus primary melanomas. 12 To date, the above-mentioned functional subsets of melanoma cells cannot be discerned within the heterogeneous population of melanoma cells using routine histology. By immunohistochemical analysis of a large prospective series of 220 primary and metastatic melanomas for the epithelial-tomesenchymal transition marker FN1, we observed a distinct subset of melanoma cells displaying high FN1 expression. These cells were predominantly seen in melanoma metastases with signs of tumor necrosis. In addition, in a blinded retrospective series of melanomas with 10 years follow-up, their presence correlated with reduced melanoma-specific survival. We describe their unique morphological characteristics to enable their identification/recognition in routinely stained sections. We further characterized the molecular phenotype of microdissected FN1 high MITF low by gene expression analysis and immunohistochemistry, and provide evidence for their importance in cell migration/invasion, and for their relation with hypoxia.
Materials and methods

Melanoma Specimens
Melanoma samples were obtained after surgical resection in the University Hospital Leuven (Belgium) and used in this study as approved by the local Ethical Committee. Part of the tumor was fixed in buffered formalin and embedded in paraffin for routine histology and immunohistochemistry; and part was snap-frozen in liquid nitrogen-cooled isopentane. For prospective analyses, all primary melanomas and metastases between May 2011 and December 2012 were used and studied as described below. For retrospective analyses, archival formalinfixed, paraffin-embedded metastatic melanoma specimens were obtained from patients with Patients with concurrent in-transit or distant metastases were excluded. From this overall cohort (n ¼ 551), available lymph node tissue specimens (n ¼ 82) were selected and studied for clinical significance of FN1 high melanoma cells. Tumors were subjected to further analysis as described below.
All melanocytic lesions were stained with hematoxylin and eosin (H&E) for routine diagnosis, and by immunohistochemistry for MITF (as a negative marker) and FN1 (as a positive marker) on serial sections.
Melanoma Cell Culture
The human melanoma cell line A375 13 was cultured in Dulbecco's modified Eagle's medium/Ham's F12 (Lonza, Verviers, Belgium) supplemented with 10% fetal bovine serum (Lonza), antibiotic/antimycotic (Life Technologies, Ghent, Belgium), and 4 mM Lglutamine (Life Technologies). Cell cultures were regularly tested for mycoplasma contamination by PCR, and were found negative (data not shown). For the analyses described below, cells were released from the culture vessel and dissociated into single cells using trypsin (0.05%) with EDTA (Life Technologies). To investigate the effect of hypoxia, A375 cells were cultured in 1.5% O 2 /5% CO 2 ('In Vivo2 400' hypoxic incubator; Ruskinn Technology, Bridgend, UK) and compared with A375 cells cultured under standard cell-culture conditions (20% O 2 /5% CO 2 ).
Transmission Electron Microscopy
For transmission electron microscopy, frozen samples from two melanoma metastases with large numbers of FN1 high cells and from one melanoma metastasis without such cells were used. Frozen H&E-stained sections were used to select representative areas; subsequently, these small areas were punched out of the frozen samples and thawed in 2.5% glutaraldehyde, post-fixed in OsO 4 and embedded in Epon for transmission electron microscopy.
Immunohistochemistry/Immunocytochemistry
Immunohistochemistry for melanocytic, stromal, and various other proteins, listed in Supplementary Table 1 , was performed on paraffin-embedded or frozen material of primary and metastatic melanomas, using well-characterized primary antibodies and the indirect EnVision FLEX system (Dako, Heverlee, Belgium). Antigen retrieval was performed in a pre-treatment module (Dako) according to the manufacturer's instructions in citrate buffer at pH 6 or in EDTA-Tris buffer, pH 9 (Supplementary Table 1 ). Peroxidase activity was detected using 3,3
0 -diaminobenzidine as substrate, revealing a brown reaction product in unpigmented lesions, or 3-amino-9-ethylcarbazole, revealing a red reaction product in heavily pigmented lesions. Double immunohistochemical staining was performed with a sequential technique 14 using primary antibodies raised in different species, and sequential development of peroxidase and alkaline phosphatase with 3,3 0 -diaminobenzidine and Bond Polymer Refine Red Detection (Leica Microsystems, Wetzlar, Germany), respectively, resulting in contrasting dark brown and pink/red immunoreactivities. A375 melanoma cells exposed to hypoxic conditions, and controls, were fixed in acetone at À 20 1C for 10 min, followed by standard immunohistochemistry.
Scoring of Retrospective, Clinical Cohort
Tissue samples were randomized and coded for technicians and researchers. H&E staining and FN1 immunohistochemistry were scored semi-quantitatively and independently by two blinded researchers (negative, no FN1 high melanoma cells; low, scattered FN1 high melanoma cells; medium, few clusters of FN1 high melanoma cells; high, abundant clusters of FN1 high melanoma cells; clusters were defined as cohesive groups of at least 10 cells in diameter with the morphological features, outlined above, and/or with cytoplasmic expression of FN1; see Supplementary Figure 1 for representative slides; see Supplementary Table 2 for cohort characteristics). Melanoma-specific survival was defined as the interval from therapeutic lymph node dissection to death from melanoma or date of last follow-up. Melanoma-specific survival was assessed using the Kaplan-Meier method together with the Log-Rank (Mantel-Cox) test for significant comparisons of FN1 expression.
Laser Capture Microdissection
Cryosections (10 mm thick) were cut and mounted onto ultraviolet-treated PET-membrane-coated metal frame slides (1.4 mm; Leica Microsystems). Samples were fixed in cold acetone for 10 RNA Extraction, cDNA Synthesis, and qPCR RNA samples from frozen tissue sections were prepared using the TRIzol/chloroform phase separation. RNA quality and concentrations were measured with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Erembodegem, Belgium). First-strand cDNA was produced with the M-MLV reverse transcriptase (Invitrogen/Life Technologies) and random hexamer primers (Fermentas/Thermo Scientific), according to the manufacturer's protocol. Total RNA from A375 melanoma cells exposed to hypoxic conditions, and controls, was extracted using the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands) according to the manufacturer's protocol (including DNase treatment), and quality and concentration determined with a Nanodrop 1000 spectrophotometer (Thermo Scientific). cDNA was constructed with the iScript cDNA kit (Bio-Rad, Nazareth Eke, Belgium). Quantitative RT-PCR was carried out as described previously, 15 using Fast SYBR Green Master Mix (Applied Biosystems/Life Technologies) on an ABI 7900HT Fast PCR system according to the manufacturer's protocol. Oligonucleotide primers for qPCR (Supplementary Table 1) were designed with Perlprimer 16 unless stated otherwise and validated for comparable amplification efficiency (data not shown). Samples for quantitative PCR were assayed in duplicate. Negative controls and dissociation curves were used to confirm specific amplification. Normalized, relative expression data were calculated using the comparative threshold cycle (2ddCt) method. 17 
Western Blot
Cells were lysed using lysis buffer (25 mM HEPES, 0.3 mM NaCl, 1.5 mM MgCl 2 , 20 mM b-glycerolphosphate, 2 mM EDTA, and 2 mM EGTA (pH 7.5)) containing 1% Triton, 10% glycerol, 1 mM Na 3 VO 4 , 0.5 mM dithiothreitol, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and 10 mg/ml antipain and phosphatase inhibitor cocktail (phosSTOP; Roche, Vilvoorde, Belgium). Protein concentration was determined using the BCA Protein Assay Reagent (Thermo Scientific). Equal amounts of protein from each sample were separated by electrophoresis through SDS-PAGE gels (Invitrogen/Life Technologies), transferred to a nitrocellulose membrane (Whatman Protran, Kent, UK) and analyzed by immunoblotting. Equal loading of proteins was verified using Ponceau-S (see Supplementary Table 1 for primary antibodies). Protein bands were visualized using enhanced chemiluminescence as described by the supplier (GE Healthcare Life Sciences, Diegem, Belgium) and quantified from digitized photographs using UN-SCAN-IT software (Un-scan-it, Silk Scientific, Orem, UT, USA).
Proliferation Assay
Mitotic index was assessed by immunohistochemistry for pHH3. 18 Briefly, cells were plated and grown in normoxic/hypoxic conditions for 3 days. Three to six optical fields ( Â 10 magnification) were randomly chosen and cells were counted. In parallel, immunohistochemistry for pHH3 was performed on fixed cells and analyzed. Both analyses were done using NIH Image J software. 19 
Migration Assay
Cell migration was assessed by an in vitro woundhealing scratch assay as previously described. 20 Briefly, cells were plated and grown in normoxic/ hypoxic conditions for 3 days (triplicate). A scratch was made in the near-confluent cell layer using a P200 plastic tip (time point 0). Cells were washed once with growth medium to remove residual cell debris, and medium was replaced with low-serum (2%) growth medium to minimize cell proliferation. 20 After 16 h in normoxic/hypoxic conditions, the migrated surface area was quantified using the TScratch software and normalized to time point 0. 21 
Invasion Assay
The invasive potential of cells grown in normoxic/ hypoxic conditions for 3 days was examined using QCM ECMatrix Cell Invasion Assay, a 24-well plate (8 mm), colorimetric (Millipore, Billerica, MA, USA; triplicate) according to the manufacturer's instructions. Briefly, single cells (3 Â 10 5 cells/chamber) were cultured in serum-free growth medium in normoxic/hypoxic conditions. Heat-inactivated fetal bovine serum (10%) was used as a chemoattractant. After 24 h, invaded cells were visualized with crystal violet stain and quantified by manual counting and with an UV Max Kinetic Microplate reader (Molecular Devices, Sunnyvale CA, USA) at an optical density of 560 nm.
Statistics
Log-Rank (Mantel-Cox) test of melanoma-specific survival was carried out with SAS version 9.3 (Cary, NC, USA). All other data were analyzed using the two-tailed Student's t-tests with Graphpad Prism 5.02 (GraphPad Software, La Jolla, CA, USA).
Results
Incidence, Morphology, and Clinical Significance of FN1 high Cells in Cutaneous Melanoma
We performed an immunohistochemical analysis for the epithelial-to-mesenchymal transition marker FN1 in a prospective series of 92 primary cutaneous melanomas and 128 metastatic melanomas. The metastases comprised 62 lymph node metastases (20 axillary, 9 cervical, 18 inguinal, 8 iliacal, 2 plopliteal, and 5 from unknown origin), 36 visceral metastases (20 (sub)cutaneous, 4 intestinal, 4 lung, 4 brain, 2 breast, 2 stomach), and 30 cutaneous intransit metastases. In addition to the expected expression in the stroma, melanoma cells displaying a distinct intracellular FN1 staining were detected ( Figure 1a ). These FN1 high melanoma cells were observed in 32/128 metastases; the majority (30/32) of these metastases showed variably sized areas of ischemic tumor necrosis. In contrast, this cell type was only observed in 2/92 primary melanomas, all of which lacked signs of necrosis, and in 2/32 metastatic melanomas lacking necrosis. Of the 96 metastatic melanomas lacking FN1 high melanoma cells, 28 showed variably sized areas of necrosis.
In H&E-stained sections, FN1 high melanoma cells could be distinguished from the main tumor cell population by their small size, flattened or angulated, often indented hyperchromatic nucleus and scarce eosinophilic cytoplasm in light microscopy; nucleoli were conspicuously absent (Figure 1b) . FN1 high melanoma cells were found either scattered as single cells or in small collections with their nuclei often oriented parallel to each other (Figures 1a-e) . FN1 high melanoma cells were predominantly located at the border of, or within fibrovascular septa but did not form discernible vessels. They were not observed at the border of necrotic tumor areas (Figure 1b) where early necrotic melanoma cells with rounded nuclear shape were distinctly different from the small FN1 high melanoma cells away from areas of necrosis. In transmission electron microscopy of an area rich in FN1 high melanoma cells, small melanoma cells with high nucleo-cytoplasmic ratio and distinctive nuclear morphology, ie, prominent heterochromatin and lack of nucleoli, could be recognized. In the cytoplasm of these melanoma cells, melanosomes with an immature aspect were found (Figure 1c) . 22 In the control sample taken from a melanoma metastasis without FN1 high melanoma cells, no such cells were discerned (data not shown).
The clinical significance of FN1 high melanoma cells was studied in a retrospective series of 82 melanoma metastases from patients with at least 10 years of clinical follow-up. H&E staining and FN1 immunohistochemistry were scored semi-quantitatively and independently by two blinded researchers (see Materials Figure 1d ). Moreover, melanoma patients with clusters of FN1 high melanoma cells had a significantly shorter disease-specific survival compared with patients with at most scattered FN1 high melanoma cells (P ¼ 0.044; Figure 1d ).
Immunohistochemical Profile of FN1 high Melanoma Cells
As FN1 high melanoma cells were predominantly observed in metastatic melanomas, their detailed immunophenotype was determined in a retrospective series of 17 metastatic melanomas in which distinctive clusters of FN1 high melanoma cells were observed (based on morphology in H&E staining and FN1 immunoreactivity). FN1 high melanoma cells displayed S100 immunoreactivity and positivity with variable intensity for melanoma markers such as Melan-A, HMB45, and TYR, whereas immunoreactivity for the melanocytic marker MITF was invariably weak or absent in contrast to the intense nuclear MITF positivity in adjacent large polygonal melanoma cells (Figure 1e and Supplementary  Figure 2A ; see Table 1 for a summary of immunohistochemical results). Hence, immunostaining for MITF easily identified the FN1 high melanoma cells by their flattened hyperchromatic blue (ie, not immunoreactive) nuclei. The inverse correlation between FN1 and MITF immunoreactivity was confirmed by double staining in seven MITF positive metastases, in which FN1 high melanoma cells with pink/red-stained cytoplasm displayed a blue, unstained, or MITF low nucleus upon hematoxylin counterstaining, contrasting with the vast majority of melanoma cells showing a dark brown (MITF high ) nuclear signal and unstained cytoplasm (Figure 1f) . Moreover, FN1 high melanoma cells often displayed more intense immunoreactivity than FN1 high stromal cells in fibrovascular septa and than the overall staining in the extracellular matrix (Figure 1f and Supplementary Figure 2B) .
Given their mesenchymal aspect (ie, flattened nucleus, elongated shape, and high FN1 expression), FN1 high MITF low melanoma cells were further studied for various markers of stromal cells, ie, endothelium (CD31, CD34, D2-40 or podoplanin, CAV1, CD144), smooth muscle cells and myofibroblasts (alpha-SMA), dermal dendrocytes (coagulation factor XIIIa), leukocytes (CD45), and macrophages (CD68). All stromal markers were absent in FN1 high MITF low melanoma cells (Supplementary Figure 2A) .
Finally, FN1 high MITF low melanoma cells were negative for proliferation-associated Ki67 immunoreactivity (Figure 1a) , suggesting a quiescent state. Moreover, the cell type was neither associated with apoptosis nor with senescense, given their lack of cleaved CASP3 immunoreactivity and b-galactosidase activity, respectively (Supplementary Figure 2C) .
Transcriptomic Analysis of FN1 high Melanoma Cells and Validation by Immunohistochemistry
Because of their immature and mesenchymal features, we hypothesized that FN1 high MITF low melanoma cells may correspond, or be closely related, to the subset of melanoma cells in the stem cell-like status with migratory capacities because of the epithelial-to-mesenchymal transition, previously described by Hoek and Goding. 6 Therefore, we investigated whether FN1 high MITF low melanoma cells express additional epithelial-to-mesenchymal transition markers as well as previously proposed stem-like melanoma cell markers (Supplementary Table 1 ). Following immunofluorescent staining of frozen sections of four cases of metastatic melanoma, cell clusters showing a FN1 signal and not representing stromal cells (based on analysis of an adjacent H&E-stained section) were microdissected from serially cut and stained sections and their gene expression analyzed by RT-qPCR. As a control, adjacent FN1 low/negative melanoma cell clusters were sampled. RT-qPCR analysis revealed no significant differences in expression levels of melanocytic genes (S100A6 and TYR; see Table 1 for a summary of RTqPCR results) between FN1 high and FN1 low/negative melanoma cells (Supplementary Figure 3) . In contrast, FN1 high melanoma cells expressed significantly higher levels of FN1, HIF2A (or EPAS1), NGFR, (or CD271) and ZEB1, and significantly lower levels of M-MITF and TWIST1 (Figure 2a) . Three other factors, previously shown to be associated with the melanoma stem-like cell status (ABCB5, JARID1B or KDM5B, and SNAI1) displayed an upward trend in FN1 high melanoma cells, although not statistically significant (Figure 2a) . Microdissected FN1 high and FN1 low/negative melanoma cells showed no significant differences in mRNA levels of other proposed melanoma stem-like or epithelial-to-mesenchymal transition markers such as ETS1, HIF1A, KLF4, NANOG, NES, OCT4 (or POU5F1), SNAI2, and ZEB2 (Supplementary Figure 3) . Finally, CD133 (or PROM1) gene expression was observed in neither FN1 high nor FN1 low/negative melanoma cells (data not shown).
Gene-expression data were validated by immunohistochemistry for a selection of the genes. Immunoreactivity for TYR and FN1, and weak (or lack of) MITF expression were confirmed (see also Figures 1a-e) . Although most melanoma cells showed cytoplasmic HIF2A expression, HIF2A immunoreactivity was markedly stronger in FN1 high MITF low melanoma cells (Figure 2b ). In addition, a subset of FN1 high MITF low melanoma cells displayed strong nuclear ZEB1 immunoreactivity (Figure 2b) . Consistent with the gene expression data, we did not observe immunoreactivity for the previously proposed stem-like melanoma cell markers NES and CD133 (data not shown).
FN1 Induction by Hypoxia
The predominant presence of FN1 high MITF low melanoma cells in metastatic melanomas with ischemic necrosis suggested a potential role of hypoxia in the induction of these cells. We therefore cultured the A375 melanoma cell line, characterized by low FN1 expression in normoxic conditions (20% O 2 in cell cultures), 23 in hypoxic condition (ie, 1.5% O 2 ). FN1 gene expression showed a significant increase by 4.8-and 32-fold after 1 and 3 days of culture in hypoxic conditions when compared with the stable FN1 expression in control cells cultured at 20% O 2 (Figure 3a) . At the protein level, the increase in FN1 expression was clearly apparent at day 3, as shown by immunohistochemistry and western blot analysis (Figure 3a-c) . Furthermore, gene expression levels of HIF2A and NGFR were significantly increased at day 3, whereas expression of ZEB1, ABCB5, JAR-ID1B, and SNAI1 remained unchanged (Figure 3b ). The induction of HIF2A protein was validated by western blot analysis (Figure 3c ). Interestingly, ZEB1 displayed a significant increase in protein concentration in hypoxic conditions (but not in mRNA levels), suggestive of a post-transcriptional effect of hypoxia on ZEB1 (Figure 3c) . Remarkably, the anti-FN1 antibody revealed not only the conventional FN1 signals with a MW of 220-272 kDa, but also a clear-cut additional band/signal around 72 kDa (Figure 3c ). This MW likely corresponds to an oncofetal fibronectin variant termed migration-stimulating factor, which is formed by alternative splicing, resulting in a truncated form with a unique decamer at the C-terminus of the protein. 24 However, this possibility could not be confirmed by immunohistochemistry or western blotting with migration-stimulating factor-specific antibodies (data not shown).
Effect of Hypoxia on Functional Epithelial-toMesenchymal Transition Features
Because of the phenotypical epithelial-to-mesenchymal transition and stem-like features of melanoma cells grown in hypoxic conditions, we investigated whether these cells also functionally correspond to the slow-cycling subtype of migratory and invasive melanoma cells, as proposed by the phenotype switch model. 6 Therefore, A375 melanoma cells, grown in hypoxia for 3 days (when FN1 expression is high; Figure 3 ), were analyzed for proliferative, migratory, and invasive capacity. Mitotic index was assessed by immunohistochemistry for pHH3 18 and was approximately 3.6-fold lower after 3 days of hypoxia (Figure 4a ). In accordance with this observation, the number of cells after 3 days of hypoxia was approximately twofold lower than after 3 days culture in normoxia (Figure 4a ). Migratory capacity of near-confluent A375 cells, grown in normoxic/hypoxic conditions for 3 days, was investigated using the wound-healing scratch assay. 20 After 16 h, the migrated surface area was quantified using the TScratch software. 21 The migrated surface area of cells grown in hypoxia was approximately 2.3-fold higher than of cells cultured in normoxic conditions (Figure 4b ). Finally, invasive capacity of A375 cells, grown in normoxic/hypoxic conditions for 3 days, was assessed using the ECM-coated Boyden chamber assay. 25 After 24 h, invaded cells were quantified by manual counting and by spectrophotometric analysis. Invasion of cells grown in hypoxia was approximately 1.7-to 10-fold higher than of cells cultured in normoxic conditions (Figure 4c ).
Discussion
In the present study, we described a novel melanoma cell type, associated with shortened disease-specific survival, in melanomas that show signs of hypoxia, and provided evidence for their distinct light-microscopic and ultrastructural features, immunohistochemical profile, and gene expression. In routine H&E-stained sections, these FN1 high MITF low melanoma cells presented as small, elongated tumor cells with flattened hyperchromatic nucleus. The ultrastructural features of high nucleocytoplasmic ratio, condensed heterochromatin and immature organelles (melanosomes and mitochondria) indicate a poorly differentiated status and suggest a link with stem-like melanoma cells. [26] [27] [28] This association is further supported by little or no expression of the melanocytic marker MITF 29 and the unique and high expression of FN1 indicative of an epithelial-to-mesenchymal transition-linked phenotype. 7 Furthermore, gene expression analysis of microdissected FN1 high melanoma cells revealed expression of other epithelial-to-mesenchymal transition (SNAI1 and ZEB1) and previously proposed stem-like melanoma cell markers (ABCB5, HIF2A, JARID1B, and NGFR). Finally, the link with hypoxia was supported by in vitro studies, which showed that the cell phenotype was induced by culturing melanoma cells under hypoxic conditions. Within the model of phenotype switching of melanoma cells between a proliferative status and a stem cell-like status with migratory capacities because of epithelial-to-mesenchymal transition, we propose that the FN1 high MITF low melanoma cells represent a cell type at the crossroads of stem-like cell induction and epithelial-to-mesenchymal transition. Although ischemic necrosis is frequently seen in metastatic melanoma and immunohistochemistry for MITF is regularly performed in routine diagnosis of melanocytic lesions, our study is the first to describe the above-mentioned cells. These cells may have been overlooked for the following reasons. First, because they are almost exclusively present in melanocytic lesions with signs of ischemic necrosis, these small, elongated cells with pyknotic nuclei may have been regarded as apoptotic cells. However, their morphology, ultrastructural features, and immunophenotype argue against this possibility. Second, their mesenchymal morphological features and frequent localization close to fibrovascular septa may have caused these cells to be categorized as belonging to the stroma and to correspond to (myo)fibroblasts or endothelial cells. However, we did not detect CD31, CD34, CD144, D2-40, or SMA in the FN1 high MITF low melanoma cells. Intriguingly, two other studies detected cells morphologically Supplementary Table 1) by RT-qPCR on microdissected FN1 high and FN1 low/negative melanoma cells (n ¼ 4; *Po0.05; **Po0.01; ***Po0.001; data were statistically analyzed using the two-tailed, one sample t-test). Center, quantitative summary of invasion assays by spectrophotometric analysis. Right, quantitative summary of invasion assays by manually counting invaded cells (24 h; n ¼ 3; **Po0.01; ***Po0.001; data in panels a-c were statistically analyzed using the two-tailed, unpaired Student's t-test).
identical to FN1 high MITF low cells in ischemic melanomas in experimental animals. These cells were found to be melanocytic in nature but also to express endothelial markers (CD31 and MECA32) and were shown to contribute to neo-angiogenesis. 30 , 31 Although we did not observe any apparent vessel formation within clusters of the FN1 high MITF low cells, we cannot formally eliminate the possibility that these cells contribute to new vessel formation.
FN1 high MITF low melanoma cells express high levels of genes that have been associated with stem-like cells and epithelial-to-mesenchymal transition in melanoma or other cancers, and of genes that link epithelial-to-mesenchymal transition and cancer stemness. The hypoxia-inducible factor HIF2A has repeatedly been proposed as a stem-like cell marker in various cancer types, including melanoma. [32] [33] [34] [35] [36] [37] In addition, hypoxia and its effector HIF2A have recently been suggested to induce epithelial-to-mesenchymal transition through the inhibition of miRNA-200b and the subsequent induction of ZEB1. 38, 39 ZEB1 is a well-established epithelial-to-mesenchymal transition inducer in melanoma cells 40 and generally promotes tumorigenicity and stemness. 41 We observed an increase in ZEB1 protein in A375 melanoma cells cultured in hypoxic conditions, although ZEB1 mRNA levels did not change. This apparent discrepancy may be explained by the hypoxia-induced suppression of miRNA-200b and miRNA-200 family members, which inhibit translation but not transcription of ZEB1 and of which the loss of expression is associated with melanoma progression. 39, 42 Other epithelial-to-mesenchymal transition-regulatory transcription factors like SNAI1 and SNAI2 are not expressed in the FN1 high MITF low melanoma cells; SNAI1/2 are early epithelial-to-mesenchymal transition markers implicated in the initial induction of a migratory phenotype, whereas ZEB1 is an important regulator of the maintenance of this phenotype. 40, 43 MITF was recently proposed as the transcriptional switch that drives stem-like melanoma cells toward differentiation, 29 which is in line with our hypothesis that FN1 high MITF low melanoma cells may represent a reservoir of slow-cycling stemlike/tumor-driving cells. Interestingly, hypoxia represses MITF expression and thereby enhances the metastatic potential of melanoma cells. 44 Furthermore, it has been suggested that ZEB1 also represses MITF expression. 45 FN1 high MITF low melanoma cells also express high levels of NGFR, another stem-like melanoma cell marker. 46, 47 Moreover, NGFR is a marker of invasiveness in melanoma 48 and identifies migrating cells in other cancers such as glioma showing epithelial-to-mesenchymal transition-like features. 49 The invasive migratory characteristics of FN1 high MITF low melanoma cells were furthermore supported by their preferential localization near fibrovascular septa.
Taken together, our study identifies a novel FN1 high MITF low melanoma cell type and provides arguments for a (molecular) phenotype closely related to stem-like cell induction and epithelialto-mesenchymal transition. Given the clinical relevance of FN1 high MITF low melanoma cells, additional research should point out whether melanoma patients can profit from adjusted therapy, targeted against FN1, or associated markers. Because FN1 high-MITF low melanoma cells were identified virtually exclusively in metastatic melanomas with signs of ischemic tumor necrosis, and because hypoxic conditions can in vitro induce the phenotype, we propose that hypoxia is an important trigger for the induction of FN1 high MITF low melanoma cells.
